Dedicated to Peter Derrick in recognition of his contributions to mass spectrometry Ion mobility spectrometry (IMS) has the capability of separating ions of the same m/z ratio but with different collision crosssections and/or charge states by monitoring the mobility of an ion in a gaseous atmosphere under the influence of an electric field. 1-3 Integrated with mass spectrometry (MS), IMS offers an extra degree of analytical opportunity whereby conformational ensembles of species of equivalent mass, or the same m/z, can be separated on account of their physical shape and then Waters MS technologies centre, floats road, Wythenshaw, Manchester, M23 9LZ, uK
OPEN ACCESS mass analysed in a single, rapid experiment. this enables, for example, co-populated stereoisomers, 4,5 chiral enantiomers 6 and protein conformers 7, 8 to be characterised under a variety of solution conditions. over the past decade, IMS-MS has created significant interest within the scientific community and it would appear to be a technique destined to remain at the forefront of technological advances and one which has the capability of giving rise to a plethora of future applications.
Conventional ion mobility spectrometrymass spectrometry conventional IMS has been interfaced to MS, most commonly being situated in between the ionisation source and the mass analyser 9,10 but, occasionally, after the mass analyser. 11 conventional IMS measures the time it takes an ion to migrate through a buffer gas in the presence of a uniform electric field. under these conditions, the mobility (K) of a gas phase ion is defined by the drift velocity (v D ) of the ion divided by the electric field 9 (E), where the drift velocity (v D ) relates to the drift time (t D ) taken to traverse the length (L) of the drift cell [Equation (1) ]. 12, 13 =
(1)
As the mobility of an ion depends on the buffer gas density, the reduced mobility (K o ) is generally reported [Equation ( 2)] 273.2 (2) here E is the electric field across the drift cell, L is the length of the drift cell, P is the buffer gas pressure and T is the temperature of the buffer gas, 14 i.e. the reduced mobility is normalised to a standard buffer gas pressure of 760 torr and temperature of 273.2 K to provide a basis for comparison of results.
the relationship between the mobility of an ion and its cross-sectional area is well understood at the low electric fields employed for conventional IMS analyses. 15 In this situation, the ratio of the electric field strength to buffer gas density is small and the measured mobility is independent of the drift field. 2 thus, IMS-MS offers the ability not only to measure the m/z (and hence molecular mass) of the analyte but also its cross-sectional area, which can provide additional, useful structural information. the high resolving power of conventional IMS is another of its beneficial features. conversely, its shortcoming has been its low sensitivity, on account of the inefficient transfer of ions from ambient pressure into the high vacuum of the mass spectrometer; the ion gate allowing ions to enter the mass spectrometer is open for only ~1% of the duty cycle and, thus, 99% of the sample is discarded when a continuous ionisation source such as electrospray is used. 9, 16 High field asymmetric waveform ion mobility spectrometry-mass spectrometry An alternative approach to conventional IMS is that of differential mobility, or high field asymmetric waveform IMS (fAIMS), in which an alternating asymmetric high/low electric field is applied between two electrodes. An ion's mobility is now not proportional to the electric field, but to the difference in mobilities that it experiences between the two fields. 17, 18 this atmospheric pressure technique has been successfully coupled to MS, interfaced between an electrospray ionisation (ESI) source and the MS analyser, for the separation and identification of isomers, 19 diasteroisomers, 5 metabolites 20 and co-populated protein conformers, [21] [22] [23] although the mathematical interpretation of the results obtained from the structural studies of proteins remains, in some cases, unclear. 22 Travelling wave ion mobility spectrometrymass spectrometry
More recently, an exciting development in IMS-MS has been the Synapt HDMS system. 24, 25 this travelling wave-based IMS device is situated in between the two analysers of a hybrid quadrupole-orthogonal acceleration time-of-flight (oa-tof) mass spectrometer and has been shown to have a high transmission efficiency coupled with a separative power comparable with conventional IMS drift cell approaches. 24 the travelling wave IMS (tWIMS) device functions by the superimposition of travelling voltage waves on a radially-confining rf voltage in the gas-filled, stacked-ring ion guide. the use of elevated pressures (0.5-1.0 mbar) in the travelling wave ion guide results in lower mobility ions being overtaken by the waves more often than ions of higher mobility and, consequently, these ions slip behind the waves and emerge with longer drift times, the whole process constituting ion mobility separation. 24 Success has been achieved for a number of applications including the resolution of peptide monomer, dimer, trimer and tetramer ions of the same m/z ratio, 24 the separation of isomeric peptides, [24] [25] [26] the separation of co-populated amyloid protein conformers 7 and the identification of impurities in drug formulations, 27 all of which have used an ESI source to generate ions. In addition, the capability for collision crosssection estimation has been illustrated, with brief details, for the non-covalently bound, highly structured, macromolecular trAP protein, 28 transthyretin 29 and the P22 portal protein 30 by the comparison and calibration of tWIMS drift times with cross-sectional areas measured by conventional IMS-MS and estimates based on the cross-section of a sphere of known density and mass 31, 32 and also for polyethylene glycol excipients in drug formulations. 33 Using conventional ion mobility spectrometry-mass spectrometry to calculate cross-sectional areas With conventional IMS, the mobility of an ion (K) can be calculated directly from its observed drift time and from this the collision cross-section (W) can be calculated [Equation ( 3)]: 12,13,34
where z is the number of charges on the analyte ion, e is the charge on an electron (1.6022 × 10 -19 c), k b is the Boltzmann constant, T is the temperature and N is the number density of the buffer gas. the term
is the reciprocal of the reduced mass between the analyte ion (m I ) and the buffer gas of molecular mass m N . Substituting the definition for K in terms of K 0 [Equation ( 2)] into Equation (3), and rearranging the statement in terms of collision cross-section (W) produces Equation (4), which describes the proportionality between the collision crosssection (in Å 2 ), and the average drift time (t D ) of a given ion of molecular mass m I and nominal charge z, in which P is the buffer gas pressure (in torr), T is the temperature (in K), and L the length of the drift cell: 13,32
from this relationship, collision cross-sections of ions have been determined quite accurately by recording their drift times whilst in transit through a conventional ion mobility cell in the presence of a buffer gas. 12, 32 Calculation of cross-sectional areas using travelling wave ion mobility spectrometrymass spectrometry the primary difference between conventional IMS and the tWIMS system is that the electric field of the latter is not constant and uniform; the application of a voltage pulse across the series of stacked rings creates a travelling wave of electric potential that varies with both time and the length of the drift tube. Subsequently, derivation of a relationship between W and t D for the tWIMS system is more complex and, experimentally, it is far simpler to calibrate the tWIMS device once wave parameters have been optimised for the analytes of interest, by measuring the drift times of ions of known collision cross- 
where A is the correction factor for the electric field parameters (described by E and L in conventional IMS) and B is to compensate for the non-linear effect of the tWIMS device. 35 [Note that Equation (5) transforms to Equation (4) when A = E/L and B = 1, i.e. under conventional IMS parameters with a static electric field]. the collision cross-section can be quoted as a charge and mass independent quantity (denoted W′ and expressed in Å 2 Da -1 c -1 ) by dividing Equation (5) (6) it can be seen that many of the parameters, including the constant A, can be incorporated into a single constant, A′ [Equation (7)]:
where A′ is the correction for the temperature, pressure and electric field parameters and B compensates for the nonlinear effect of the tWIMS device. In summary, from Equations (5), (6) and (7), the collision cross-section, W, can be expressed as follows [Equation (8)]:
In addition to the parameters so far mentioned, other general factors that can affect the validity of cross-section measurements include the constancy with which the buffer gas pressure within the tWIMS cell can be maintained and, particularly, the user's subjective decision of precisely where on the drift time distribution to measure the average t D of broad or partially resolved peaks. An additional factor to take into consideration is the fixed shift in drift times observed due to the transit time of a single wave through the IMS stage and the subsequent transfer optics to the oa-tof analyser. As this shift is in the order of ~ 0.2 ms for all the proteins studied here, it does not change the data or conclusions materially; indeed ≤ 1% difference in cross-sectional areas was observed when this calculation is included. 7, 36 Hence, this correction factor has not been applied to the data presented here, especially in view of the fact that the errors associated with identifying the peak apex accurately, i.e. the precise drift time, are significantly larger. However, despite these caveats, the possibility of generating collision cross-section measurements using tWIMS-MS, especially in the area of protein structural elucidation, is real and very promising.
The importance of cross-sectional area measurements in biomolecular studies
Knowledge of the tertiary and quaternary structure of proteins and protein complexes is of extreme importance in understanding their functionality. Variations in the conformational state of proteins form the underlying mechanisms behind many biomolecular processes such as the aggregation of amyloidogenic proteins into fibrils, the ordered assembly of virus capsids and fundamental protein folding pathways. Additionally, proteins generally function as members of noncovalently bound macromolecular complexes with specific architectures, rather than in isolation as a single entity. In the quest to characterise and understand the behaviour of these large, ordered structures, innovative and accurate biophysical techniques are required that enable multicomponent biomolecular mixtures to be analysed, ideally in their native form, and the behaviour of individual components to be monitored simultaneously. ESI-tWIMS-MS offers a unique opportunity for the concomitant separation, mass analysis and cross-sectional area measurement to be determined in a single, rapid experiment, thus providing unique architectural information for such complex systems whilst maintaining these species in their native state. Here, we describe a method for ESI-tWIMS-MS cross-section calculation for a range of denatured proteins and peptides by comparison with cross-sectional areas of the same analytes published by conventional IMS-MS methods. We then use this calibration to measure the cross-sectional areas for 13 proteins under native conditions. In order to check the validity of this method so that it can be used with confidence for the future analysis of proteins of unknown geometry, we have devised an in-house computational method to calculate cross-sectional areas based on Protein Data Bank (PDB) NMr-derived co-ordinates. Additionally, we present a systematic consideration of instrumental parameters that can be optimised to improve the separative power of ESI-tWIMS-MS and discuss the effect of these parameters on the calculation of the collision cross-sections of protein ions. finally, we apply the cross-sectional area calibration to the amyloidogenic protein b 2 -microglobulin to measure the cross-sectional areas of three co-populated conformational families: the folded, partially folded, and unfolded states.
Experimental Reagents
Protein standards (horse heart myoglobin, equine cytochrome c, bovine ubiquitin, alcohol dehydrogenase (baker's yeast), porcine elastase, bovine a-lactalbumin, hen egg lysozyme, trp cage, human insulin, luteinising hormone releasing hormone (LHrH), bovine trypsin) and reagents (ammonium acetate, ammonium formate, acetic acid, ammonium hydroxide, dithiothreitol, triethylamine and hydrochloric acid) were obtained from Sigma Aldrich (Dorset, uK). b 2 -microglobulin was prepared as described previously; 37 Im9 was provided by Dr G. Morgan (university of Leeds) and the MHc-1 (HLA) complex was provided by Dr t.r. Jahn (university of Leeds, now university of cambridge). Solvents were purchased from fisher Scientific (Loughborough, uK).
ESI-TWIMS-MS
ESI-tWIMS-MS experiments were carried out on a Synapt HDMS (Waters uK Ltd, Manchester, uK) quadrupole-tWIMSoa-tof mass spectrometer, equipped with a triversa (Advion Biosciences, Ithaca, Ny, uSA) automated nano-ESI interface. 5 µL aliquots of protein in solution were sampled. Positive ESI was used for these experiments with a capillary voltage of 1.7 kV and a nitrogen nebulising gas pressure of 0.7 psi. A sampling cone voltage of 50 V was set unless stated otherwise. Data were acquired over the range m/z 500-4000 for 2 min per each acquisition. Mass calibration was performed by a separate infusion of horse heart myoglobin (16, 951.49 Da) . Data processing was carried out using the MassLynx v. 4.1 software supplied with the Synapt HDMS.
In the ESI-tWIMS-MS experiments, the IMS travelling wave ion guide was operated at a nitrogen pressure of 0.5 mbar and the trap/transfer t-Wave ion guides at a nominal argon pressure of 4 × 10 -2 mbar unless otherwise stated. Each individual mobility experiment was 18 msec long with a 300 m sec -1 IMS travelling wave amplitude being ramped from 4 V to 12 V in this time, unless otherwise stated. During each mobility separation, ions were accumulated in the trap travelling wave ion guide and then released over a period of 100 µs into the IMS travelling wave ion guide to start the next mobility separation. the transfer travelling wave ion guide had a 300 m sec -1 3 V pulse running continually to transfer the mobility-separated ions to the oa-tof whilst maintaining the temporal separation. Ion arrival/drift time (mobility) spectra were recorded through synchronisation of the gated release of ions for mobility separation and the oa-tof mass spectral acquisitions. Each mobility experiment consisted of 200 sequential oa-tof mass spectra. Mass spectra were acquired with repeat 2 s acquisition times per point (ca 111 summed individual mobility experiments).
Calibration of ESI-TWIMS-MS drift time cross-sectional area relationship
calibration of the drift time cross-section function was achieved by the combined analyses of a range of denatured proteins: equine cytochrome c, hen egg lysozyme (disulphide bridge-reduced), horse heart myoglobin and bovine ubiquitin (10 µM in 50 : 40 : 10, v / v / v, acetonitrile, water, acetic acid, as described previously by others 32 ), in addition to a range of peptides generated by trypsin proteolysis of equine cytochrome c and alcohol dehydrogenase (figure 1). Proteolysis was carried out by adding bovine trypsin (5 µL; 5 mg mL -1 aq.) to a solution of the protein (100 µL; 30 µM aq.) pre mixed with acetonitrile (6 µL) and ammonium acetate (6 µL; 50 mM aq.). the resulting solution was heated to 37°c for 2 h and then diluted with methanol containing 1% formic acid (235 µL). Hen egg lysozyme reduction was achieved by heating an aqueous solution (20 µM) to 60°c in the presence of dithiothreitol (1 mM aq.) for 40 min. for each peptide and protein, the individual charge state ions were identified by their m/z ratios and their measured drift times were plotted against W¢ calculated from Professor David clemmer's library of protein and peptide collision cross-sections determined by conventional IMS. 31, 32 
ESI-TWIMS-MS cross-sectional area measurements
Protein samples (table 1) for cross-sectional area measurements were analysed under native conditions at a concentration of 10 µM in 20 mM ammonium acetate taken to pH 7 by addition of ammonium hydroxide solution. the ESI-tWIMS-MS parameters were those used for the drift time-cross-section calibration.
for the b 2 -microglobulin protein conformer study, ESI-tWIMS-MS analyses were undertaken in aq. 10 mM ammonium acetate: 10 mM ammonium formate at pH 2.6.
ESI-TWIMS-MS parameter study
the ESI-tWIMS-MS instrumental parameters were varied systematically as described (results and discussion) to examine their effects on the ion mobility data acquired for two proteins, bovine ubiquitin and equine cytochrome c, each at a concentration of 10 µM in aq. 50 mM ammonium acetate : 50 mM ammonium formate. Where required, the pH was adjusted using hydrochloric acid or ammonium hydroxide.
Computer-based cross-sectional area calculations
collision cross-sectional areas were calculated from published NMr structures [obtained from the Protein Data Bank (table 1)] in order to provide a direct comparison between gas-phase and solution-phase structures. cross-sectional areas were calculated using a Monte carlo algorithm based in MAtLAB, similar to that described previously for calculation of theoretical cross-sections for conventional IMS. 38 Specifically, the PDB structures were assigned atomic radii based on the AMBEr-ff99 parameters, 39 before generating a set of angles of rotation, denoted q and j. this snapshot of the protein was then projected onto the x-y plane by removal of the z co-ordinate. Having defined an appropriately sized box around the protein with sides of defined length, a series of random points within the domain of the box was generated and classified according to whether the points lay within the Van der Waals radius of a nitrogen atom from the edge of any protein atom, thus modelling a hard sphere interaction between the buffer gas and the protein. the cross-section of the snapshot was calculated by multiplying the ratio of "hits" to "misses" by the area of the box every 100 iterations and the calculation was halted once the difference in cross-sections between each set reduced to less than 1%. the average collision cross-section over all orientations was calculated.
Results and discussion
Cross-sectional area calibration the principles behind tWIMS and detailed descriptions of its components have been discussed elsewhere. 25 Briefly, the tWIMS device consists of three travelling wave, stackedring ion guides: the trap travelling wave ion guide where the ions are stored prior to being pulsed into the IMS travelling wave ion guide and, finally, by the transfer travelling wave ion guide from which the separated ions are pulsed into the oa-tof analyser. the trap and transfer travelling wave ion guides are typically operated in the low 10 -2 mbar range; the IMS travelling wave ion guide can be operated at pressures up to 1 mbar. travelling waves ≤ 30 V are used in the IMS region, with velocities typically in the range 300-600 m s -1 . 25 on leaving the IMS travelling wave ion guide, any separation achieved is maintained through the transfer travelling wave ion guide before entering the oa-tof analyser. the oa-tof push number is recorded, with push 1 being the first push after the ions are released from the trap travelling wave guide. After 200 pushes have been recorded, the process is repeated until the acquisition is complete. Each block of 200 pushes is summed with all the push 1s added together etc. Each push number then corresponds to a particular drift time where the drift time equals the push number multiplied by the pusher period. 35 In order to correlate the observed ESI-tWIMS-MS drift times to the cross-sectional areas of the ions of interest, data were collected on a range of denatured proteins and peptides, chosen so that these analyses could be compared directly to measurements available from conventional IMS-MS studies. 31, 32 figure 1 is a plot of measured tWIMS drift times vs W¢ [calculated from Equation (8)] for the molecular-related ions derived from denatured equine cytochrome c, reduced hen egg lysozyme, horse heart myoglobin and bovine ubiquitin, together with a mixture of tryptic peptides derived from equine cytochrome c and alcohol dehydrogenase. the ion mobility drift times measured by ESI-tWIMS-MS under the conditions described (see Experimental) were plotted against the W¢ values calculated using Equation (8) . for example, the +12 charge state ions arising from cytochrome c (m I = 12,354.6 Da) have a measured drift time of 8.28 msec with a buffer gas of ESI-TWIMS-MS measured drift times (msec) for the multiply charged ions arising from the proteins equine cytochrome c, reduced hen egg lysozyme, horse heart myoglobin and bovine ubiquitin and the singly and doubly charged ions arising from the peptides originating from trypsin proteolysis of equine cytochrome c and alcohol dehydrogenase. All data for the calibration were acquired under denaturing solution conditions. nitrogen (m N (N 2 ) = 28 Da) and a reported collision cross-section (W) from conventional IMS-MS experiments of 2335 Å 2 . 31, 40 By substituting these parameters into Equation (8), W¢ can be calculated [Equation (9) n this way, W¢ was plotted against drift time for all observed charge state ions originating from the proteins and peptides (figure 1). the calibration curve was obtained by fitting these data to the y = Ax B relationship. from figure 1 it can be seen that the singly and doubly charged molecular-related ions arising from the tryptic peptides span the majority of the data relating to the ions arising from the larger, full-length proteins, despite their relatively small cross-sectional areas. this implies that the singly and doubly charged tryptic peptides have a greater charge density than the full-length, denatured proteins because they have a larger range of W/ze ratios. Although the intact proteins have larger cross-sectional areas, they also give rise to higher charge states and the correlation between charge state and crosssection constricts W¢ to a narrower range. the use of tryptic peptides for cross-section calibrations is, therefore, of value in ensuring that a wide range of W¢ is covered. consequently those peptides with the fastest and slowest drift times are key to establishing the curvature of the graph, showing that B′ ≠ 1 and thus negating the necessity of extrapolating the graph for analyte ions whose drift times lie at the extremities of the tWIMS data. It was subsequently observed that the lower charge states and smaller cross-sections observed when analysing proteins in their more compact, folded conformations fell well within the range of this calibration plot.
using the above calibration, a series of 13 proteins of varying mass (1-45 kDa) was then analysed by ESI-tWIMS-MS from native solution conditions at pH 7 (table 1) . the tWIMS measured drift times are highly reproducible when the experiments are repeated under the same conditions (data not shown). However, in cases where the drift time-separated peaks are broad, the user has to make a judgement in assigning the drift time value to use for the cross-sectional area calculation. for example, figure 2 shows ESI-tWIMS-MS data from the proteins alcohol dehydrogenase (in monomeric form) and bovine ubiquitin, both analysed independently at pH 7 in 20 mM ammonium acetate. the drift time vs intensity plots are shown for the +10, +11 and +12 charge states of alcohol dehydrogenase and for the +4, +5 and +6 charge states of bovine ubiquitin. the peaks associated with the +10, +11 and +12 charge states of alcohol dehydrogenase are reasonably narrow (~ 1 msec fWHM) and in each case it is relatively straightforward to assign drift time measurements as indicated by the vertical lines. As may be expected, the higher the charge state, the shorter the drift time, assuming that both sets of charge state ions relate to the same protein conformer.
However, in the case of bovine ubiquitin, there appear to be at least two peaks of different drift times associated with the +4, +5 and +6 charge state ions arising from the protein analysed under neutral solution conditions. these signals are only partially resolved, especially in the case of the +5 charge state ions, and much broader than the alcohol dehydro genase peaks, presumably due to there being a range of protein conformers with similar cross-sectional areas comprising each peak. In this case, it is more difficult to assign the drift times with the same degree of confidence, and this ambiguity will lead to increased errors in the cross-sectional area measurements. the resolution of such peaks can, in many cases, be improved by judicious use of experimental and instrumental conditions or mathematical fitting of Gaussian distributions to the drift time plots. 7 care must also be exercised in ensuring that each charge state does indeed arise from the protein monomer; oligomers of greater mass but the same m/z ratio are often observed and should not be confused with monomers as is indicated in the case of the +4 charge state ions of bovine ubiquitin which have the same m/z ratio as the +8 charge state dimer ions (figure 2). the +5 and +6 charge state ions appear to arise from (at least) two ubiquitin conformers, the ones with the shorter drift times being the more compact. the vertical lines on the drift time plots show the exact drift times taken for the cross-sectional area measurements. the +6 charge state ions clearly indicate the presence of a more expanded conformer with a drift time of 10.2 msec together with a more compact conformer at 8 msec. the 3D drift time vs m/z graphs vs intensity at the foot of the figure summarise the acquired experimental data, showing a well-defined series of signals indicating a single species for alcohol dehydrogenase, with the higher charge state ions having a shorter drift time than the lower charge state ions. In contrast, in the case of bovine ubiquitin, a mixture of at least two conformers is observed (which is especially apparent with the +6 charge state ions) together with some evidence for protein dimer ions, and it can be noted that the +8 charge state dimer ions have a shorter drift time than the +4 charge state monomer ions of the same m/z ratio.
cross-sectional areas derived from ESI-tWIMS-MS experiments were calculated from the drift time vs W¢ calibration graph (figure 1) by determination of the W¢ value for each set of charge state ions and, from this, calculating the crosssectional area (W). for example, the +11 charge state ions of alcohol dehydrogenase (39,804 Da) have an observed drift time, with nitrogen as buffer gas, of 9.7 msec (figure 2), which from the drift time vs W¢ calibration graph (figure 1) indicates an W¢ of 7.49 × 10 21 Å 2 c -1 Da -1 . Substituting this value for W¢ in Equation (8), together with the charge state (+11), the charge on an electron (1.6022 × 10 -19 c) and the masses of the protein (39,804 Da) and the buffer gas (28 Da), a cross-sectional area (W) value of 2494 Å 2 can be calculated. As the proteins give rise to more than one charge state, W was calculated individually for each charge state and additionally, the mean cross-sectional areas were determined for each protein. conditions, together with the cross-sectional areas measured from the lowest charge state ions detected in each case, are shown in table 1. the mean cross-sectional area for the +10 to +12 charge state ions of alcohol dehydrogenase was calculated to be 2512.7 Å 2 and that for the +4 to +6 charge state ions of bovine ubiquitin 1079 Å 2 (figure 2). In order to assess the accuracy of the ESI-tWIMS-MS crosssectional area measurements using the calibration followed by calculation described, the theoretical cross-sectional areas were calculated using an in-house (Leeds) developed computational method. this method was not designed as a replacement for the freely-available MoBcAL program, [41] [42] [43] [44] but rather as a program that we could develop for our own particular research, namely the study of macromolecular protein complex assembly by ESI-MS. 45, 46 When considering such a computational method, several factors were considered to be of high importance. We set out to devise a method whereby Protein Data Bank files, including those containing NMr-derived co -ordinates, could be input directly into the program, with minimal processing or user intervention. this method thus allows large, multi-component models created at atomic resolution using (for example, PyMoL) to be input directly. the use of the NMr-derived co-ordinates was required to enable comparisons between gas phase (tWIMS-MS) and solution (NMr) structures to be made and, in doing so, takes into account areas of flexibility (for example, loops) that would increase the observed cross-sectional area compared with that derived from X-ray crystal structures. total control of the parameters used in the computational method was deemed a highly necessary feature to provide the potential to develop the methodology further when considering the geometrical shapes of macromolecular complexes such as virus capsid assembly intermediates 45 and amyloid fibril aggregation products. 46 which may not be described optimally by the arrangement of spheres of known size, as is the case for the MoBcAL method. the highly favourable correlation between the measured cross-sectional areas of a selection of proteins obtained under native conditions by the tWIMS calibration described here and those obtained by a Monte carlo computational method using Protein Data Bank-published structures derived from NMr solution measurements (Leeds method) is illustrated in figure 3 (a) and summarised in table 1. the cross-sectional areas of the 13 proteins (based on the mean of the measurements from individual charge state ions) obtained from the ESI-tWIMS-MS drift times are in good agreement with the cross-sectional areas calculated from the PDB structures using the Monte carlo computational method (table 1); the average percentage difference between calculated and measured cross-sectional area over the 13 proteins is ~7%. A linear fit applied to the data using weighted errors (originPro 7.5) gives a gradient of 1.054 with an R 2 least squares correlation of 0.99, demonstrating that the cross-sectional areas of ions varying from singly and doubly charged ions originating from small peptides such as the nine residue LHrH peptide (966.4 Da), to +11 to +14 charge state ions arising from non-covalently bound multimeric complexes such as the human leukocyte antigen system (HLA; 44.8 kDa), can be estimated quite accurately using a single ESI-tWIMS-MS calibration. It is of interest that the mean ESI-tWIMS-MS cross-section measurements, which take into account all of the observed charge state ions, were in better agreement with the calculated values from the Leeds method than were the cross-section measurements of the lowest charge state ions alone (~ 7% vs ~ 14% error). thus, these results may suggest that the reported effects of some degree of ion collapse upon removal of solvent 47 and, conversely, the effects of ion expansion caused by an increase in charge density in the case of highly multiply charged ions, may compensate for each other under these conditions. theoretical cross-sectional areas were also calculated using the widely available MoBcAL program [table 1 and figures 3(b) and 3(c)]. the "projection approximation" MoBcAL method proved to be in better agreement with the ESI-tWIMS-MS cross-section measurements than was the "exact hard sphere scattering" MoBcAL model, which consistently calculated cross-sectional areas greater than those observed. the average differences over the range of 13 proteins for the projection approximation model were ~ 9% and ~ 15% and for the exact hard sphere scattering model ~ 16% and ~ 25%, compared with the mean cross-sectional areas and crosssectional areas of the lowest charge state ions, respectively.
A comparison can be made between conventional IMS and tWIMS for the protein equine cytochrome c, in terms of the ability of each technique to separate protein conformers over a wide pH range and also the number of different conformeric species that can be detected and the charge states associated with individual conformers. the analysis of this protein by IMS has been widely reported 14, 48, 49 and this was the primary It can be seen that the greatest number of charge states are detected when the sample is analysed at pH 3, indicating that at this pH the protein is significantly unfolded and has a number of protonation sites exposed. the range of charge states detected at pH 3 was +6 to +18, whereas at pH 7 and pH 10 charge states +6 to + 8 only were detected, indicating a folded structure with few protonation sites exposed. As with conventional ESI-IMS-MS, the lower the charge state, the smaller the collision crosssection measured for any particular protein conformer. figure 4 also shows that whilst at pH 7 and pH 10 one conformer alone is detected for each charge state (charge states +6 to +7, W ~ 1250 to 1550 Å 2 ), at pH 3 multiple conformers are detected: vis. charge states +9 to +18, W ~2000-2500 Å 2 and charge states +7 to +9, W ~1650-1800 Å 2 . this is as may have been anticipated: at low pH the protein may be expected to be largely unfolded with a wide charge state distribution, but possibly a proportion of the molecules retain some residual structure and thus exhibit narrower charge state distributions with smaller crosssectional areas. At higher pH (≥ 7) the protein is natively folded with a single conformer being detected as a narrow charge state distribution. the conventional ESI-IMS-MS data show five distinct charge state distributions encompassing charge states from +3 to +20 over a wide pH range with cross-sectional areas ranging from ~ 1200 to 2800 Å 2 . 14, 49 Hence, the general trends between conventional IMS-MS and tWIMS-MS are very similar, with IMS-MS having an advantage in this particular case with greater conformer resolution. However, the cross-sectional areas measured by the two different methods are reassuringly similar.
The effect of experimental parameters on cross-sectional area calculations
to investigate the effect of instrumental and experimental parameters on drift times and on the resolution of protein conformers, a series of analyses was performed over a pH range of 3-10 in which various instrumental parameters were systematically changed (table 2) . Any effects these changes had on the ESI-tWIMS-MS results were observed in order to establish which parameter changes would necessitate a new cross-sectional area calibration to be made. two proteins were chosen for these experiments: equine cytochrome c and bovine ubiquitin; the former due to its widespread use as a standard for MS in general and IMS-MS in particular, and the latter as a contrast due to its much increased hydrophobicity.
the first parameters to be investigated were those associated with sample delivery and ionisation (table 2). In cases where the tWIMS peaks are broad, most probably due to the existence of conformational ensembles with very similar collision cross-sectional areas, decreasing the sample concentration can result in better resolution, in terms of narrower peak shape, of these wide peaks (data not shown). Hence, sample concentration, whilst not affecting the drift times measured or the conformeric populations, is worth optimising for individual proteins in order to gain the maximum amount of information. Also in this category, increasing the sample cone voltage (which is responsible for the extraction of ions from the ESI plume into the MS) can bring about some level of de-protonation whereby the lower charge states increase in intensity. Although this parameter did not affect the drift times of individual protein conformers in terms of peak shape or arrival time, increasing the sample cone voltage can change the relative intensities of the various charge state ions and, in some cases, can cause protein unfolding (data not shown).
Second, the effect of the backing pressure, which primarily affects the region between atmospheric pressure ESI and the high vacuum of the analyser region of the mass spectrometer (~ 10 -7 mbar) was investigated. the backing line pressure on the Synapt HDMS can be varied between 2.15 mbar and 6 mbar using an in-line valve to throttle the scroll pump. ESI-MS studies by others have shown that the pressure in this region can be an important parameter to vary when trying to optimise transmission of non-covalently bound macromolecular complexes through the differentially pumped stages of the mass spectrometer. [50] [51] [52] [53] ESI-tWIMS-MS analysis of equine cytochrome c and bovine ubiquitin at pH 7 (where both proteins are in their natively-folded conformations in solution) was investigated ( figure 5) . the equine cytochrome c data at the lowest pressure obtainable in this region, 2.15 mbar, are compared with data from the same protein sample analysed at a high pressure in this region (6.00 mbar) [figures 5(a) and 5(c), respectively]. With a backing pressure of 2.15 mbar, the cytochrome c m/z spectrum shows evidence for the +6, +7 and +8 charge state ions. It can be seen that increasing the backing pressure resulted in the appearance of additional, more highly charged ions (+9 to +13; < m/z 1600), indicative of some degree of protein unfolding. the corresponding tWIMS drift time data for each of the major ions +6, +7 and +8 are presented as drift time vs intensity plots underneath the m/z spectra. In general, an increase in pressure to 6 mbar has caused the appearance of species with longer drift times in support of the observation that protein unfolding is occurring. for example, the +8 ions appear at low pressure [figure 5(a)] as a major peak of drift time ~10 msec together with a small peak at ~ 12 msec representing a minor component of a more open, unfolded conformation. With a higher backing pressure, although the more compact peak at ~ 10 msec is still the base peak, the more extended conformer (~ 12 msec) is now significantly more intense [ figure 5(c) ]. conversely, the bovine ubiquitin data showed little change in the m/z spectrum with the change in backing pressure [figures 5(b) and 5(d)]. the drift time data, however, did show evidence for protein unfolding: for example, the 6+ charge state ions indicated their implication in two conformations with drift times of ~8 msec and ~11 msec at a backing pressure of 2.15 mbar, but at a higher backing pressure, the former peak had diminished significantly, thus indicating that less of the more compact species was present [ figure 5(d) ]. It is noteworthy that the unchanged appearance of the m/z spectrum, which without the tWIMS data could be interpreted as implying no change to the conformational state of ubiquitin concomitant with the changing backing pressure, is clearly contradicted by the significant change in the drift time data which does indicate a degree of protein unfolding.
the IMS travelling wave ion guide nitrogen gas pressure was investigated over the range possible (0.26 mbar to 0.84 mbar), again using equine cytochrome c and bovine ubiquitin at pH 7 for the test analyses. Increasing the pressure resulted in significant increases in the drift times measured for the protein conformers with concomitant peak broadening. Although the drift times were longer, the detail and resolution were not significantly changed (data not shown). Hence, since the pressure in the IMS travelling wave ion guide has a marked effect on the measured drift times, a new calibration data set would have to be generated if any adjustments were made to this parameter.
the start and end heights of the IMS travelling wave voltages can be varied between 0 V and 30 V and should be set so that all ions arrive during one pulse, i.e. are contained within one experiment. A number of settings were tested using the two protein standards at pH 7 with start/end height pairings as follows: start height 1 V, 3 V or 5 V with end height 10 V, 15 V or 20 V, or start height 5 V, 7 V or 9 V with end height 12 V, 15 V or 18 V. the results indicated that the higher the start height, the faster the recorded mobilities in all cases and that the higher the end height the faster the recorded mobilities, regardless of
Parameter ESI-TWIMS-MS effects Sample concentration
Increasing the sample concentration increases the width of the peaks emerging from the tWIMS device, but does not affect the drift times.
Sample cone voltage
In general has no effect on drift times; increasing the cone voltage deprotonates multiply charged ions to some extent, and in some cases can cause some protein unfolding from the native state. (Backing) pressure in extraction region between ESI source and first (Q) analyser Increasing this pressure can result in some proteins starting to unfold from their native state.
tWIMS ion guide gas pressure
Increasing the pressure causes drift times to lengthen and increases the width of peaks emerging from the tWIMS device. this is sample dependent so needs to be optimised. tWIMS travelling wave start and end voltage heights these are sample dependent so need to be optimised; cause drift times to change significantly. tWIMS trap t-wave collision energy Increasing this energy can result in some proteins starting to unfold from their native state. tWIMS transfer t-wave collision energy Has no effect on drift times. the start height. However, the drift peak shape and the relative intensities of all charge states monitored showed little variation or enhancement of resolution (data not shown). Again, a calibration data set would have to be made for any changes in the start and end heights of the travelling wave voltages.
the final parameters to be investigated in this series of experiments were the collision energies in the trap and transfer travelling wave ion guides, which can be varied between 0 V and 240 V, and 0 V and 200 V, respectively. the analyses were first performed with the trap and transfer each set at 5 V [figures 6(a) and 6(d)] i.e. under conditions which would be expected to maintain the proteins in their native states. Increasing the trap collision energy from 5 V to 50 V, whilst maintaining the transfer collision energy at 5 V, made little difference to the m/z spectra obtained for equine cytochrome c and bovine ubiquitin [figures 6(b) and 6(e)]. the tWIMS data did show some differences. In the case of cytochrome c, the +6 and +7 charge state ions were observed with longer drift times, whilst the +8 charge state ions showed evidence for a second, more unfolded conformation (11.8 msec) . In contrast, the bovine ubiquitin data showed very little change compared with date acquired with the original settings, suggesting a more robust protein structure. Increasing the transfer collision energy from 5 V to 50 V whilst maintaining the trap collision energy at 5 V again made negligible difference to the m/z spectra of the two protein standards and the tWIMS data were unchanged, in terms of both drift times and of relative intensities of the different species detected [figure 6(c) and 6(f)]. Hence, changing the transfer collision energy does not affect the drift times monitored and therefore does not necessitate a re-calibration for cross-sectional area calculations, although changing the trap collision energy can result in some change to the drift times, which may require a re-calibration to be made, and also some degree of protein unfolding.
We have previously demonstrated that co-populated protein conformers can be resolved using ESI-tWIMS-MS in a detailed study undertaken on the folding characteristics of the amyloidogenic protein b 2 -microglobulin (b 2 m). 7 this protein forms fibrils by protein unfolding followed by self-aggregation and is associated with the disease dialysis-related amyloidosis. A systematic titration of b 2 m over the pH range 2-7 using ESI-tWIMS-MS allowed individual protein conformers to be monitored and quantified throughout the acid-denaturation process. 7 three distinct species, or conformeric families, were observed: the +6, +7 and +8 charge state ions associated with a native, folded conformer which begins to unfold ~ pH < 4.8; a second conformer comprising the +9, +10, and +11 charge state ions which is detected at pH < 5 with maximum occupancy at pH ~ 3.0 (this species is defined as a partially unfolded conformer with very little difference in cross-sectional area to the native protein but with a higher propensity for protonation); and a much more expanded conformation depicted by a wide range of charge states (+10 to +15) which increases in intensity pH < 3.6 and has been assigned to the acid-unfolded protein. the three conformational states are co-populated pH < 4.8. this model system allows us to assess the observable resolution in cross-sectional area between the folded, partially unfolded and unfolded forms of the same protein within an ensemble. the cross-sectional areas of each of these three states were calculated from ESI-tWIMS-MS data acquired at pH 2.5 using the tWIMS calibration described herein (figure 7). the mean cross-sectional areas, calculated from each of the charge states comprising the individual conformers, are reported. Species A, relating to the folded protein, has a measured average cross-sectional area of 1317 Å 2 , which is 6.3% in difference from the Leeds-method calculated value of 1406 Å 2 for b 2 m in its folded state taken from its NMr structure 54 (1JNJ). Species B, assigned to a partially unfolded conformational species, has a measured average cross-sectional area of 1775 Å 2 and Species c, assigned to the acid-unfolded protein, a measured average cross-sectional area of 2098 Å 2 . the measured difference in cross-sectional areas between Species A and B is ~26% under these conditions; that between Species B and c is ~15 % and it can be seen that these species are clearly distinguished as two separate charge state distributions (see, for example, +9, +10 and +11 charge state ions). Hence, for this protein, conformational perturbations resulting in a cross-sectional area change of <15% can very clearly be distinguished. the MoBcAL calculations for the folded conformer of b 2 m gave values of 1471 Å 2 and 1788 Å 2 (differences from the measured average W¢ of 11% and 26%) for the projection approximation and exact hard sphere scattering methods, respectively.
Conclusions
A study of ESI-tWIMS-MS has been made for the analysis of protein monomers under a range of different conditions. calibration of the drift times observed from ESI-tWIMS-MS protein and peptide data obtained under denaturing solvent conditions with data published from conventional IMS-MS studies 31, 32 acquired in the same manner has been carried out successfully to enable the cross-sectional areas of other proteins to be measured.
the validity of this calibration method has been confirmed by comparison of the ESI-tWIMS-MS-derived cross-sectional areas of a range of proteins under native conditions with calculated cross-sectional areas generated from an in-house (Leeds) developed computational method using Protein Data Bank NMr-derived co-ordinates. thus, 13 peptides and proteins (900-45,000 Da) were analysed under neutral solution conditions whereby the analytes may be expected to be primarily in their native state. using a single ESI-tWIMS-MS calibration which covered a cross-sectional area range of 200-3500 Å 2 , the average difference between the tWIMS measurements and the computational calculations was found to be ~7%, thus providing a high degree of confidence in the data acquired and in the method of cross-sectional area calibration. It is interesting to note that the gas-phase ESI-tWIMS-MS data are in such close agreement with the solution-based NMr data supporting the supposition that native conformations can be retained in the gas phase. As a comparison to the Leeds method, the readily-available MoBcAL program was used to calculate cross-sectional areas for both its "projection approximation" and "exact hard sphere scattering" models. the projection approximation model, with observed differences from cross-sectional areas comparable to those of the Leeds method, was in closer agreement to the ESI-tWIMS-MS measurements than the exact hard sphere scattering model. However, the ease of PDB file input involved with the Leeds method, and the opportunity of inputting multi-component PDB files, generated using standard molecular modelling programs, for future studies of homogeneous and heterogeneous macromolecular complexes, are its beneficial features. furthermore, a comparison was made between ESI-tWIMS-MS and conventional IMS-MS for the observation of conformational states of the protein equine cytochrome c. Although the published conventional IMS-MS data 14, 49 showed superior resolution in that a greater number of protein conformers was detected, the overall charge state distributions for conformeric families and the range of cross-sectional areas calculated for both methods were reassuringly similar.
to achieve a high degree of accuracy, the drift times used for cross-sectional area measurements do need to be selected with care. Ions selected should relate to the protein monomer alone, rather than any possible higher order oligomers of the same m/z ratio. In the case of broad tWIMS peaks, most probably resulting from co-populated protein conformers of very similar physical shape, it can be difficult to assign a specific drift time and in these cases solution conditions and instrumental parameters can be optimised to counter this. A range of experimental conditions was investigated and their effect, if any, on the drift times was observed. the key parameters which did influence drift times were the nitrogen gas pressure within the IMS travelling wave ion guide and also the start and end voltages of the IMS travelling wave itself. It was found that any changes made to these parameters would necessitate re-analysing the calibrants and re-calibrating the drift time vs cross-sectional area relationship.
other parameters of note included the sample concentration whereby, if too high a concentration was used, the drift peak widths broadened (rather than changing their mobility time significantly) and protein conformer resolution was diminished; and also the sample cone voltage which can cause de-protonation of ESI-generated multiply charged ions and, in some cases, a certain degree of protein unfolding. Whilst increasing the backing pressure between ESI at atmospheric pressure and the high vacuum region of the mass spectrometer can favour the analysis and detection of non-covalently bound macromolecular protein complexes, in the case of single proteins it can cause some unfolding from their native state and so needs to be set carefully. Interestingly, a slight degree of protein unfolding in this way may make very little difference to the m/z spectrum and, hence, may go unnoticed, however the ability of ESI-tWIMS-MS to monitor protein conformers individually and to be able to scrutinise individual charge state ions reveals these structural perturbations clearly. the trap and transfer travelling wave ion guide collision energies were also studied and whilst the latter, as predicted due to its position after the tWIMS device, did not have any effect on the tWIMS data, the former did indicate some change in drift times and some protein unfolding in the case of one of the protein standards. the differences in behaviour of the two protein standards chosen for this set of experiments highlights the need for analyte optimisation. In summary, for the best results, the ESI-tWIMS-MS conditions for each protein should be optimised and a cross-sectional area calibration made thereafter, as there are disparities in the structural behaviour of different proteins. Although some experimental parameters can be changed without affecting the calibration, the key parameters noted above do have a significant effect on drift times and several other parameters may cause some degree of protein unfolding.
finally, using ESI-tWIMS-MS, cross-sectional area measurements were made for three co-populated conformers of the amyloidogenic protein b 2 -microglobulin. comparison of the cross-sectional area of the folded protein with that calculated from the Protein Data Bank NMr co-ordinates using the Leeds computational method revealed a difference of ~ 6% between the two. the partially folded b 2 -microglobulin conformer was found to have a cross-sectional area of ~15% greater than the unfolded conformer and these species were clearly well-separated.
Having established a calibration method for measuring cross-sectional areas from ESI-tWIMS-MS drift times and confirmed the validity of this approach, the way forward to investigating the folding characteristics, conformational states and geometrical configurations of other proteins and the quaternary structure of macromolecular protein complexes is now a distinct possibility.
